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Abstract: 

A new flowcell has been designed and created using stereolithography (SL). This porous 

media geometry has been used for experimental and numerical studies of immiscible two-

phase drainage. With SL construction both the throat heights and the throat widths have 

been varied. This has created a cell with a wide variability of throat properties. 

Additionally, a Volume of Fluid (VOF) of the same flowcell geometry has been studied. 

The experimental studies of air invading the flowcell saturated with water have shown a 

change from dendritic fingering structures to more stable displacements as the constant 

injection rate was reduced. This corresponds to a decreased fractal dimension and percent 

saturation of the invading air at low flow rates. The numerical model was first tested with 

the same fluids (air and water) and was shown to be in good agreement to the 

experiments. This VOF model was than extended to study different fluid-fluid pairings 

within the flowcell. As the defending fluid viscosity was increased the percent saturation 

of the invading fluid was shown to decrease. The SL construction has enabled the same 

geometry to be studied experimentally and numerically, thus allowing a wide variety of 

conditions to be analyzed.  

 

Introduction: 

An understanding of the displacement efficiency of two-phase flows in porous media is 

important in many engineering applications, including enhanced oil and gas recovery 

(Ahmed 2001, Jikich et al. 2003), dense non-aqueous liquid remediation of contaminated 

sites (Hwang et al. 2006), and geologic CO2 sequestration (Holloway 2005). To study 

two-phase flows in porous media many experimental and numerical procedures have 

been used. A novel flowcell has been designed, constructed, and used for experimental 



studies of two-phase drainage to extend upon this body of work. A finite-element Volume 

of Fluid (VOF) model has also been created with this geometry and the results show good 

agreement with the experimental results. With the numerical model various fluid-fluid 

conditions are shown to affect the percent saturation and fractal dimension (Df) of the 

invading fluid, two characteristics related to the displacement efficiency.  

Some of the first heterogeneous porous media models to be used in experimental 

studies were performed with glass/sand packs (Chuoke et al. 1959, Guckert & 

SanFillippo 1978). Packed beds are typically constructed from a pair of closely spaced 

glass or plastic plates, filled with beads or sand. With this, and similar devices, the 

interface between immiscible two-phase flows can be visualized with much greater ease 

than in geologic porous media. This, coupled with the fairly simple construction, has 

made studies in packed beds a desirable and practical alternative studying flow in rock 

(Bear 1972). As manufacturing processes have evolved the control of pore and throat 

geometries of experimental porous media models has improved. 

Studies with etched cells were first described in the 1960’s, and used with greater 

frequency in the 1980’s. Etched cell production has become more refined over the past 

decades, as discussed in a review by Buckley (1991). Etched cells consist of a matrix of 

pores and throats, scribed into a base-plate, upon which a flat plate is attached. Variations 

of construction include glass etched cells created with photolithography (Theodoropoulou 

et al. 2003), glass cells with sandblasted pore-throat matrices (Ferer et al. 2004), resin 

cells etched with photolithography (Lenormand et al. 1988), and deep-reactive-ion-

etching of micro-scale resin cells (Cubaud et al. 2006). These models have been used for 

analysis of pore-level, two-phase flow studies, under various conditions.  

Etched cells have been used to study the dissolution of solutes in porous media 

(Theodoropoulou et al. 2003), the displacement characteristics of Newtonian and non-

Newtonian fluids (Culligan et al. 2006, Perrin et al. 2006), and the effect of gravitational 

forces on immiscible flow (Ferer et al. 2004). The Df of the invading fluid mass has also 

been evaluated in many experimental studies. Fractals are non-Euclidian structures that 

are well described by a power relationship, related to the Df; in-depth discussions of 

fractals can be found in the books by Mandelbrot (1983) and Feder (1988). The Df of 
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invading fluid fingers are typically shown to change as flow and fluid-fluid properties are 

varied. 

The viscosity ratio (M) is an important fluid-fluid parameter in two-phase flow 

through porous media. The M is the ratio of the invading fluid absolute viscosity ( inv) to 

the defending fluid’s viscosity ( def), ie. 

def

invM
μ
μ=                  (1) 

M > 1 indicates stable displacement in porous media (Ferer et al. 2007), while M<1 

indicates unstable displacement (fingering). As M decreases the fingering structures have 

been shown to become more dendritic in both numerical (Ferer et al. 2003) and 

experimental (Lenormand et al. 1988) studies. For this study only unstable viscosity 

ratios (M < 1) are studied.  

The capillary number (Ca) of the flow, which is the ratio of viscous forces to the 

surface tension forces, is defined as  

θσ
μ

cos
U

Ca def=                   (2)  

here U is the mean velocity through the flowcell,   is the interfacial tension coefficient 

between fluids and   is the static contact angle between the cell boundaries and the 

defending fluid. As the Ca increases the fingering of the invading fluid has been shown to 

become more dendritic, and likewise lower Ca are associated with more stable 

displacements (Lenormand et al. 1988).  

Numerical models of two-phase flow through porous media have been conducted 

by numerous investigators over the past decades; a review by Blunt (2001) discusses 

many of these works. By far, the most common numerical tool used in these analyses has 

been pore-throat models. A pore-throat model of two-phase fluid motion solves the 

pressure field in a random matrix of connected pores and throats, calculates the 

resistances in each throat due to capillary and viscous relationships, and moves the 

invading fluid through the throat with the least resistance (Ferer et al. 2003). Numerous 

variations on this technique have been used, including models with different throat 

distributions (Stevenson et al. 2006), radial models (Chen & Wilkinson 1985) and models 
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that include various body forces, such as gravity (Ferer et al. 2004). The relative speed of 

these models has enabled the study of large matrices, with 250 million pore systems 

modeled in some studies (Ferer et al. 2007).  

Other numerical methods have been used to study two-phase flow in porous 

media. A simpler, stochastic pore level model which does not solve the pressure field was 

presented by Paterson et al. (1996), a localized Darcy’s law has been used to solve flow 

through idealized fractures by Saghir et al. (2000), with mediocre results. Fast, first order 

approximations to two-phase flow through porous media was solved with a novel 

numerical/electrical analogy by Aumeerally & Sitte (2006). The comparison of these 

models has been, for the most part, qualitative.  

The present numerical modeling was done with the finite element, computational 

fluid dynamics software FLUENTTM. Similar finite element models of porous media have 

been used previously to model single phase flow in flowcells. Work by Andrade Jr. et al. 

(1999) and Mazaheri et al. (2005) have shown the change from flows that are well 

predicted by Darcy’s Law to flows which are dominated by inertial forces. A single phase 

finite element model was used by Perrin et al. (2006) to compare to experimental 

Newtonian and non-Newtonian flows. No two-phase finite element models in flowcells 

has been identified in the literature. A two-phase finite element model of viscous 

fingering in a Hele-Shaw cell presented by Nakayama and Motogami (1998) is similar to 

the work presented here, with simpler set of boundary conditions and a smaller number of 

computational grid elements.  

Code was developed in-house to design the new flowcell which was then 

constructed using stereolithography (SL). With SL, a wide range of flowcell throat 

geometries pertinent to two phase flow resistances encountered in flow through porous 

media was created. With this cell a large range of Ca values have been experimentally 

studied for the case of air invading a water saturated cell, M = 1.8(10-2). 

 

Flowcell Construction and Properties 

Experimental studies of two-phase flow in porous media analogies have been 

performed with increasingly complex models over the past half of a century (Buckley 

1991, Blunt 2001). The flowcell used for this study was created with SL at Clarkson 
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University (Leonard 2007). In SL production a laser cures a thin layer of photo-sensitive 

resin on the surface of a vat of liquid resin, a movable platform then submerges the cured 

layer and a new layer is cured on top of the previous one (Nee et al. 2001). The use of 

this type of production has two distinct advantages; (1) the same geometry can be used 

for numerical and experimental studies (2) the height of each throat/pore can be varied, 

due to the ‘bottom-up’ layered construction. Thus SL production was able to produce a 

flowcell with a wider range of throat areas and perimeters, which are related to the 

individual throat capillary resistances and transmissivities. 

The flowcell was created from an in-house C++ code which generated a uniform 

distribution of 5200 throat widths (wt), 0.35mm < wt < 1.0mm (0.014 in < wt < 0.039 in), 

and randomly placed them within the 10.16 cm (4 in) square matrix. The cumulative 

distribution of the wt’s is shown in Figure 1(a). This primary code generated a Visual-

LISP script to read into AutoCADTM and a three-dimensional computer model was 

automatically constructed. The throat heights (ht) were varied with an ancillary piece of 

code. Seven separate ht, from 0.2mm to 0.8mm (0.008 in to 0.031 in), were assigned to 

throats within the uniform interconnected wt matrix, with the smallest wt throats assigned 

the smallest ht and the largest wt the largest ht. The ‘pores’ (where the throats intersect) 

were set to the mean ht, 0.5mm (0.02 in). The flowcell matrix is shown in Figure 1(b), 

with cross-sections of the matrix shown in Figure 1(c). The height of the cross-sections 

has been increased to show the variation in the pore/throat height. 

The flowcell was manufactured with Clarkson University’s SL machining 

capabilities on a 12.7 cm by 15.24 cm (5 in by 6 in) sheet of glass with 1.27 cm (1/2 in) 

ramped manifolds. The UV cured, translucent, and water resistant SL resin used was 

Accura SI-10. As shown in Figure 2, the flow cell geometry was surrounded by 1.27 cm 

(1/2 in) of SL resin. Two 3.175 cm (1/8 in) OD centered inlet/outlet tubes were added to 

complete the base. An equal sized, resin coated glass sheet was adhered to the top of the 

base geometry. A small amount of resin was spread over the base geometry, the two 

flowcell halves were pressed together, and cured under UV light to initially adhere the 

sides. Finally, quick-set epoxy was added to the perimeter of the cell to create the 

finished cell. This cell is shown in the upper right insert in Figure 2. 
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The static contact angle ( ) of the water-air-resin interface was measured as 72o±2 

with a Data Physics Contact Measurement System and the G-contact method (Richards 

2006). All   reported in this paper were measured through the defending fluid, water. The 

resin   differs from glass, where 0o     < 25o, depending on the cleanliness of the glass. 

The porosity of the cell was calculated as 37.2%, as defined by ratio of the open matrix 

volume (throats and pores) and the minimum surrounding volume which would 

completely surround the matrix. 

As previously mentioned, both the ht and wt were varied to produce a wider range 

of throat properties. The individual capillary resistance of each throat (Pc) is dependant 

on the radii of the invading meniscus. For a square flowcell throat Pc is given as 

⎟⎠
⎞⎜⎝

⎛ +=
tt

c whP 11cos2 θσ                (3) 

Here the meniscus radii are assumed to be equal to half the wt and ht. To compare the 

current SL flowcell throat variability to other cells the ratio of smallest to largest throat 

(1/ht+1/wt) for the current cell, the glass cell used in Ferer et al. (2004) and the current 

cell wt distribution with ht = 0.5 mm (0.02 in) are tabulated in Table 1. 

The transmissivity of a throat (gt) is a parameter which describes the viscous 

resistance to fluid motion due to restricted throat area, and is given as 

( )
( )( )Mxxt
AGg

l

t
t −−

=
14

2

               (4) 

where G is a geometric constant, tl is the throat length, and x is the percent of the throat 

the invading fluid has penetrated. To compare the current SL flowcell gt range to other 

cells, the ratio of (At)2 for the current cell, the glass cell used in Ferer et al. (2004) and 

the current cell wt distribution with ht = 0.5 mm (0.02 in)  are tabulated in Table 2.  

As can be seen, the new SL flowcell has a wider range of geometric throat properties 

pertinent to Pc and gt resistances, as compared to similar cells with no ht variation.  

 

Experimental Modeling 

The experimental setup consisted of a constant rate syringe pump (KD Scientifc 

KDS 200) that was used to control the injection of air into the horizontal, water-saturated 
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flowcell. A CCD camera (NTSC COHU 4915-400/000) was used to capture the images. 

The pressure across the cell was measured at the same time images were recorded by a 

pressure transducer (Setra C239). The acquisition and storage of this data was controlled 

by a LabView module and manufacturer provided scripts. A schematic of this setup is 

shown in Figure 3. This experimental setup is nearly identical to that described by Ferer 

et al. (2004). All experiments were performed with a horizontal flowcell and air injection 

into a water saturated flowcell. Percent saturations were measured at the “breakthrough” 

time, when the air reached the end of the flowcell matrix. 

The captured black and white images were post-processed to determine the 

percent saturation and Df, as measured by box-counting, of the invading air. This 

permitted a comparison to prior studies and provided a means to verify the accuracy of 

the current numerical models. To remove glare and lighting inconsistencies an image of 

the cell prior to air invasion was subtracted from the breakthrough image. This merged 

image was then cropped to include only the square matrix and rotated so that the flow 

was bottom to top. The image was enhanced to make the invaded regions the brightest 

and a threshold was applied to isolate the portion of the matrix which had been invaded 

by air. This image processing was performed with the Gnu Image Manipulation Program 

(GIMP 2007) and saved as an 8-bit black and white bitmap. 

The percent saturation of the area filled with air and Df was measured with 

ImageJ (2007). The invading air saturation profile was not observed to change 

significantly after the air broke through the matrix, regardless of the flow rate. This is 

different from previous studies (Ferer et al. 2004) and believed to be due to the increased 

contact angle, as compared to glass-air-water interfaces. 

Experiments of air injection into a flowcell saturated with water were performed. 

The constant injection rate was varied from 20 ml/min to 0.02 ml/min, corresponding to Ca of 

9(10-4) to 9(10-7). For experimental Ca calculations the Darcy velocity, VDarcy (Hansen 

2003) was used as the mean velocity (U) in Eqn. (2) and is given as  

cell
Darcy A

QV =                   (5) 
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Here Q is the constant volume injection rate and Acell is the cross-sectional area of the 

flowcell, perpendicular to the mean flow direction. Over this range of flow rates the 

fingering patterns were shown to vary from dendritic fingers to more stable displacement 

patterns.  

 

Numerical Modeling 

FLUENTTM was used to solve the Navier-Stokes equations on an unstructured finite 

element grid within the flowcell geometry. The VOF model calculates the volume 

fraction ( j) of each fluid in a cell within the computational domain 

( ) ( ) 01 =⎥⎦
⎤

⎢⎣
⎡ •∇+
∂
∂

jjjjj
j

u
t

rραρα
α

                          (6) 

where  j is the density and ju
r

is the velocity of the fluid j. This formulation is valid for 

immiscible two-phase flows with no source terms (FLUENTTM 2005). Local (cell) 

averaged fluid properties ( jjjj μαμραρ ∑=∑= ) were calculated using the   and the 

unsteady, variable density conservation of mass 

( ) 0u
t
ρ ρ∂ + ∇ =

∂
rg                           (7) 

and conservation of momentum 

( ) 2u uu P u g F
t

ρ ρ μ ρ∂ + ∇ = −∇ + ∇ + +
∂

r rr r r rg                 (8) 

were solved. In Eqns. (7) and (8) the fluid properties reflect the local averaging of Eqn. 

(6) and the force F
r

 is a volume force to account for interfacial forces. In this manner, a 

continuous solution for the case of zero mass transfer between fluids was obtained, with 

the density and pressure jump at the interface accounted for. 

The interfacial tension between fluids was modeled as a volume force, after work 

by Brackbill et al. (1992), through an application of the divergence theorem on the 

surface force. From the gradient of  j the surface normal, n, was calculated and the 

curvature of the interface was determined from the unit normal, . i.e., n̂
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n

α κ= ∇ = ∇ = ∇g g                   (9) 

Recognizing that for a two-phase system the    = - j, the interfacial tension volume force 

was represented as 

( )1
2

i j
ij

i j

F
ρκ α

σ
ρ ρ

∇
=

+

r
                      (10) 

Wall adhesion was also modeled using a method described in Brackbill et al. (1992). A 

static contact angle was defined for fluid-fluid-solid interfaces and this angle is permitted 

to be adjusted during computations. This temporal treatment accounts for the   hysteresis 

observed between wetting fluid invasion and wetting fluid retreat. 

As discussed by Nakayama & Motogami (1998), the computational accuracy of 

the surface tension calculations is highly dependant on the   of the interface. And, in 

turn,   is highly dependant on the mesh resolution used. For this reason, and to reduce the 

numerical diffusion between fluids, a highly refined mesh was required. A mesh of 

~950,000 grid elements (545,000 nodes) was used. This corresponds to a minimum of 

four elements across each of the throats and was shown to nearly eliminate the numerical 

diffusion between the immiscible fluids.   

  

Experimental Results 

A minimum of three trials for each flow rate and through each side were 

performed; a total of 86 trials were conducted. Representative breakthrough images of 

flow from side 1 to side 2 are shown in Figure 4 for 9(10-4) < Ca < 2.3(10-6). 

Breakthrough images from side 2 to 1 are shown for the same flow rates in Figure 5. It is 

readily apparent from these images that the saturation of the invading air increased with 

the lower Ca. Here, the black and white images in Figures 4 and 5 have been inverted for 

easier viewing. 

The saturation of the invading air after breakthrough was calculated for all runs 

and averaged for each Ca. These results are presented in Figure 6, along with the reported 

values from the horizontal flowcell work from Ferer et al. (2004) (note Ca values from 
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the glass flowcell of Ferer et al. (2004) have been recalculated using Eqn. (2) and a   of 

15o). The difference in   is believed to be the primary reason for the increased percent 

saturation values from the current cell. Wetting characteristics have been shown to 

similarly affect the fingering patterns observed in a variation of the standard numerical 

pore-throat model by Koiler et al. (1992).  

The Df of the invading air mass was measured using a box-counting routine 

(ImageJ 2007). As shown in Figure 7, the fractal dimension of the air increases as the Ca 

decreases. This is consistent with prior experimental and numerical studies of drainage in 

flowcells (Ferer et al. 2004). The traditional Df range for fingering in porous media is 

from 1.71 to 1.86, corresponding to the limits of diffuse limited aggregation and invasion 

percolation, respectively (Ferer et al. 2003). The Df measured from the current 

experimental work was consistently lower than these values, though the increase from 

low Df to higher Df as the Ca decreased was observed. The discrepancy is believed to be 

due to the fairly high   (72o) of the SL flowcell. Most numerical models have assumed 

 ~0 and many of the reported experimental work has been performed with low  , glass 

flowcells.  

 

Numerical Results 

Numerical simulations using FLUENTTM and the previously discussed VOF 

method were performed with a two-dimensional slice of the flowcell geometry used for 

experimental work. In this 10.16 cm (4 in) square domain ~950,000 unstructured grid 

elements were created with the pre-processing software GAMBITTM. Through 

progressive grid refinements, this mesh was found to nearly eliminate numerical diffusion 

at the interface and attain the proper   at the fluid-fluid-solid interface. 

The large number of numerical cells, unsteady solution and VOF modelling 

combined to make simulations that were computationally expensive. The majority of 

numerical flowcell models presented were performed on a minimum of 6 parallel 

processors over periods of up to three months. When contrasted with the speed of pore-

throat models this is an incredibly expensive procedure and partially explains the lack of 

prior two-phase finite element flowcell studies in the literature. 
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A constant velocity inlet was specified, through which the invading fluid was 

injected. The magnitude of this velocity was varied to model different Ca flows. The 

outlet boundary condition was specified as a constant pressure outlet, at atmospheric 

pressure. An isothermal condition was assumed, thus the energy equation was not solved. 

These conditions were used to provide a direct comparison to experimental analyses. 

A numerical simulation of air injection into the flowcell geometry, initially 

saturated with water (M=1.8(10-2)) and with   = 72o was first performed. The saturation 

of the air at breakthrough is shown in Figure 8. A constant injection velocity of 1cm/s was 

used and the resulting Ca = 4.5(10-4), as determined from Eqn. (2). The percent saturation 

of the invading air was measured as 23.2%, with a user-defined function in FLUENTTM, 

at breakthrough. The Df was measured as 1.62 using the same procedure described in the 

experimental section (ImageJ 2007). The percent saturation value is in good agreement to 

the experimental studies, as shown in Figure 6. The Df is lower than that measured in the 

experimental studies. The use of a mass-averaged length scale to determine the Df has 

been shown to provide more accurate estimates by Ferer et al. (2004). 

The fluid properties were than changed to represent air invasion into an oil 

saturated flowcell (M=1.7(10-5)). The   was reduced to 35 dynes/cm while the   and inlet 

velocity were kept the same as the previously described model. As shown in Figure 9 this 

change in fluid properties produced a more dendritic fingering structure. The Ca of this 

flow was determined to be 0.98, much higher than the air into water simulation. The 

percent saturation of the invading air was measured as 10.1%, lower than the 

experimentally observed saturations. The Df of the flow was measured as 1.51, lower 

than the air into water simulation and well below other published Df values. This 

simulation was performed with a much higher Ca flow than has been typically been 

discussed in the literature. This high Ca partially explains the very low percent saturation 

and Df values. 

 

Discussion 

A new SL flowcell has been designed, constructed and used for experimental studies of 

two-phase immiscible drainage in porous media. The computer generated geometry 

 11



created for this was also used in a finite element VOF series of simulations, with varying 

fluid properties. The use of the physical model geometry in the numerical simulations 

allows for direct comparisons between the two studies to be made, a situation which is 

not always possible with other numerical models. This increased numerical modeling 

capability comes at a cost; the numerical models are more computationally expensive 

than the majority of models discussed in the literature. Regardless of this cost, the use of 

finite element modeling within flowcells can extend the relevancy of previous pore level 

modeling to situations that are more pertinent to flow within actual reservoirs.   

 

Conclusions 

  The new variable height stereolithography model can be used to examine a wide range 
of fingering types. 

  Experimental results show an increase in the percent saturation for the same Ca and 
M, as compared to studies with a lower  . 

  Numerical FLUENTTM VOF simulations are shown to accurately capture the interface 
evolution during constant rate injections in the complex flowcell geometry. 

  Numerical modelling of the flowcell geometry can be used to study situations which 
are difficult or impossible to study with the experimental model. 

  Experimental and numerical results show an increase in the invading fluid saturation 
at lower Ca values.  
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(1/wt + 1/ht) Smallest Throat Largest Throat Smallest/Largest
Glass cell (Ferer et al. 2004) 13.3 10 1.33 

SL cell with ht = 0.5mm 4.86 3 1.62 
Constructed SL cell 7.86 2.25 3.49 

Table 1: Ratio of throat properties related to capillary resistances. 

(At)2 Smallest Throat Largest Throat Largest/Smallest
Glass cell (Ferer et al. 2004) 5.76(10-4) 5.18(10-3) 9 

SL cell with ht = 0.5mm 3.06(10-2) 0.25 8.2 
Constructed SL cell 4.90(10-4) 0.64 1300 

Table 2: Ratio of throat properties related to throat transmissivity. 
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Figure 1: (a) Cumulative throat width distribution. (b) Flowcell matrix. (c) Cross-sections 
of flowcell matrix.  
 

 
 
Figure 2: Flowcell dimensions and constructed flowcell. 
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Figure 3: Schematic of experiment. 
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Figure 4: Final saturation of invading air, side 1 injection. Ca = (a) 9(10-4) (b) 2.3(10-4) 
(c) 2.3(10-5) (d) 2.3(10-6). 
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Figure 5: Final saturation of invading air, side 2 injection. Ca = (a) 9(10-4) (b) 2.3(10-4) 
(c) 2.3(10-5) (d) 2.3(10-6). 
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Figure 6: Percent saturation of invading air.  
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Figure 7: Fractal dimension of invading air mass. 
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Figure 8: Numerical Saturation Profile. Air into Water, M = 1.8(10-2),   = 72o and Ca = 
4.5(10-4). 
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Figure 9:Numerical Saturation Profile. Air into Oil, M = 1.7(10-5),   = 72o and Ca = 0.98. 
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